
UNCLASSIFIED

----- 9 5 126

ARMED SERVICES TECHNICAL INFORAION AGENOC
ARLINGTON HALL STATICW
ARLINGI 12, VIRGINIA

UNCLASSIFIED



NOTICE: When government or other drawings, speci-
fications or other data are used for any purpose
other than in connection with a definitely related
goverment procurement operationo the U. S.
Government thereby incurs no responsibility, nor any
obligation vhatsoever; and the fact that the Govern-
ment may have formlated, furnished, or in any way
supplied the said draings, specifications, or other
data is not to be regarded by implication or other-
wise as in any manner licensing the holder or any
other person or corporation, or conveying any rights
or permission to manufacture, use or sell any
patented invention that my in any way be related
thereto.



*~ubei' 3l (OD) ?ot Nub 051 - A0
____~1j 'DONLY AT ZACfl (w TO~

A4TIA OFF]C T S1 REPOUT CA4001A'.

~295 126..
ki

P~u,' pft*m moo"

4

Way" Sttf. Uivr~it7

A l to M iob~ft

A S TIA

',,i, Aprod~t$4n In ubo2* or in part im peraljtted for ;py purpose of the
United St~tem Covrnrant.



The enclosed little article has been written on request for

"Naval Research Reviews". The actual publication, in the present

or in a revised form, is, of course, subject to the decision to be

made by the editor.
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RADIAT1OR SCATTERU1, YESTeaY'S CI&DEV A, TODAY'S PRDOOM

Wilfried Heller
Department of Chemistry
Wayne State University

Detroit 2, Michigan

In 1870 and 1871 the Yranco-Prussian war was raging on the continent of Eamope

and many &Glishmen were deeply concerned about the effect of the outcome on the

continental balance of power. One Englishma, J. W. Strutt, however, was concerned

about an entirely different matter. He vas wondering why the sky is blue during the

day since in absence of any reflecting matter in the atmosphere one would have ex-

pected it to be pitch black. While Wilhelm I and Napoleon III tried to make political

history, Mr. Strutt made real history by developing a theory intended to solve the

mystery of the sky's coloration. Now, 90 years later, one realizes how tremendous

a breakthrough Strutt's theory represented. It is to the credit of QAeen Victoria

that, here again, she proved to be very far-sighted because Mr. Strutt was soon

to be knighted I. e. he was allowed, in 1873, to assume the title of his father,

tord RPOlelh.

Rayleigh had postulated a new phenomenon in order to account for the blue of

the sky: light scattering. He assued that the individual molecules in the atmosphere

on being illuminated by the sun scatter in all directions a minute fraction of the

radiation received. Assuming that each molecule behaves, under the influence of

incident radiation, like a single induced dipole, he calculated the nature of the

effect to be expected and found it to be essentially in agreement with the facts.

According to his theory, which he later refined, the intensity of the light scattered

from an incident light beam should increase with the inverse fourth power of the

wavelength of the latter, with the sixth power of the radius of the scattering

material - assuming it to be spherical in shape - and should increase also with the

reftuctive index ratio of the scatterer arA its surroundings.



Since the sun ,m',ita a contimous spectrum (except for the Fisunhofer lines),

the Inverse fourth poter law shovs at once that scattered b3LUe sun3ight (4i500 A)

will be more than three times a intense as scattered red sunlight (6000 A) on

saosuming, for simplicity sake) spectral invariance of the sun's brightness within

these limits. The blue color of the s4r as thus explained quantitatively. BL

4tdition if anyone would have asked lord Reyeigh in ET1 as to what the earth

would look like from outer space he probably would have an=ered without hesitation

that the earth rit look ilm a bal]. surrounded by a very beautiful bluish violet

halo, wherever direct sunliaht does not interfere with the observation. This in

fact has been observed by Glenn on his orbital flight and by the others who preceded

and followed him. (The June, 1962 issue of the National Geographic Magazine gives

on pages 808-810 beautiful color photographp of this halo as taken by Colonel Glenn.)

An obvicuo corollary of this pref'eintial blue scatterina is the fact, well known

to all of us, that the sun itself r-y look reddish during the sunset or sunrise, i.e.

if it is viewed thro.ti thiek enmgh layers of scattering material (through the

maximal optical thickneso olf the %tWosphere plus haze). This better penetration

of long wavelength radiation through haze is the simple reason for using infrared

photograq1pW -4r objects obsecarcd by haze or clouds. The Gtrong increase of lhyleigh

scattarinZ .ith particle size explains readily why the relativelOy small amount of

tiny snnke particles rising, from the burning end of a cigar or cigarette viewed

laterally in ordinary day.lght aivcs rise to a relatively intense beam of scattered

blue 1ight, ',ile, on the other ban., a tremendously large number of molecules of

ritrogen and oxyo:n in the atmosphora, i.e. an appreciable atmospheric thickness,

are xequired to lead to the sans effect on viewing the sky. The iqportanoe of the

refractive index dlfference between scatterer and environment myq also be demonstrated

by a sinple eVeriment rhich everyone of us has carried out, involuntarily, at one

time or another. A sheet of typewriter paper soiled with a speck of butter from
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a sandwich becomes transparent where it has been touched. Typewriter paper Is

opaque due only to light scattoring by a dense netvork of fully transparent fibers.

B substituting fat flor air as the medium in which the fibers are embedded, the

ratio of the refractive indices is reduced from 1.55 - 0.03 to 1.06 and this, in

turn, ref es the scattering appreciably (the refractive indices involved an:

cellulose, 1.55 - 0.03; butterfat, 1.46; air, around 1.00). To be sure, the

scattering process is far more coewlex here, the particles being very larp, non-

spherical, and intertwinded which causes interference phenomens. Eowever, the

refractive index effect is here, qualitatively, the same as in the sl~ler case

of l1yleigh scattering. (In the case of hayleigh scattering, the reduction in

the refractive Index ratio indicated would lead to a more than tbousand fbld

increase in transmittancy.)

Thoso vho have performed, before reading this far, the scattering e.aeriment

with cigr or cigarette smoke may have noticed that the moke coing out from the

end opposite to the burning end has a gr ish or brownish color. While one has,

here agan, an effect of light scattering, it does clearly not fall within the

range of the Fayleigh theory. The smoke particles in this instance are 4Mr too

large to be considered as single dipoles. As a rule of thb one can say that

the a yleigh theory will fail if the longest dimension of the scatterers exceeds

about 1/20 of the wavelength of the radiation used. %hile the blue smoke therefore

consists of particles amller than I millionth of an inch, the particles in the

gray smoke are appreciably larger and are probably of the order of hundreth thou-

sandthe of an inch. (Mhis is the result of particle agregration during the

transport of soke through the tobacco.) Another common exmale of scattering by

relatively large particles is the gayish ray of light cowing through a tell church

window. Here, the scattering particles are dust particles. While gray coloration

of the scattered light is the phenomenon generally observed if the relatively large



particles are present in various sizes, aingularly striking colors of any hue

in the spectrum axe likely if they all havo a yroximtely the saw size. This,

for instance, is the cuse and the prerequisite of the beautiful muticolored

sunsets occasionally obcermed, particularly if the lover layers of the atmospbere

and peripheral areas arond clauds contain a large awnt of tiny water droplets

of about the same size. hese larger particles In the lower atmosphere are, of

course, also responsible for the red, yellcw and gray bands which are seen fro

outer b-Ace betueen the blue Eayleigh halo and the boundary of the earth (see

the photographs referred to ab.ve). It is fairly easy to anticipate that these

non-blue bands vill1 be more promnent over heavily populated areas than over

dasolate areas and owans. In addition to the complicated spectral variation

of scnttered ligayl, one observes with relatively large particles several other

charecteristically different 3catterinp properties. ong them three are

particula1y notevortby. Fixrst, the light ecattered in the forward direction,

i.e. in the sams directlon traveled by the incidenzr r.diation is larger than

that scattered in the bacWard direction. This lopsidedness increases rapidly

with size. (In contradistinction, Rayligh ocattering in the forward and

backward direction are equal.) The naxt tine you are &,iving in misty weather

up t=ards the crest of a hill you will vtnt to verify this prefereatial forward

scattering by the following simple observation: a car which is travelling towards

you, but is still out of sight below tha crest of the hill, sends up an impress-

ively bright bean of light; a car travellIng ahead of you in the same direction

in vh3.ch you are going will also send a beam of light up inft the sy but this

scattered beam, viewed by you of course in the backvard direction, is incomparaby

weaker. The secon noteuorthy &tfirenae in the scattering by relatively large

particles is that the total amount of light scattered by a system of iven
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concentration of scatterers per unit voume reaches a maxw= Value at a very

specific iparticle sis. For this pbenomnod also one can cite

a cain ewerience: the brightness of a distant light source or the visiblitY

of a distant ilinated obdect are minima in fba while they are better both

in misty weather and In a heavy drizzle. The average vater droplet also in fog

is Intermediate between that in the two other Instances and it is such that it

produces the zmximl biding power. 2ie Inplications for the production of

smoke screens of r ixm efficiency are obvious. Ma third interesting differ-

ence in the scattering by relatively large particles is the fat that the

scattered ligbt observed at an angle of 90 with respect to the incident beer

will be found to be ony partially polarized while WBayleis scattering is, for

the sme angle of observations filly polarized. 2bis phenomnon is outsids of

the realm of easy everyday experience, but its practical significance and

Inortance ranks with the others emmrated.

On problem of the theory of scattering by particles which am not

muc" arctd to the vavelength can be divided into two cases. The first Is

that of spheres. All possible contingencies that my arise here are taken

care of by a theory developed by Mle In 1908. Bovever, the extraordinary

difficulties arising in actual calculations have delayed its full scale

aplication until electronic c puters became available. The second cue

Is that of nospherical. particles. Here also a most usefil theory exists,

again initiated by hyleig (1913.). It is, boever, aplicable onWy in the

limiting case that the refractive index of the scattering mterisl differs very

little from that of the surroundings. Very slovly progress is being =de in

developing theories in which this limitation will be reduced gradually. In

the mantie, one uast be satisfied vith varUs approximating treastments.

pe great U~ortance of light scattering derives frm the fat that It
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aLlows one to invetigte qnntitatiely an amingly laip mz*er of probla

in mny fields of humn endeavor. We can be done rithout inte i2ng in any

way with the system Investigated. One of the reas0ns for this uni position

of the light scattering method as n analytical tool is the fact that there Is,

in principle. no limitation as to the wavelength that mny be used. ge phnomana

tractable by the existing theories are the some :o matter vhether the radition

is that of visible light, or is of shorter wavelength (ultraviolet, Xor ys,

g radiatlon)p or longer wavelength (infrared, ar infraxed, radar or

broadcasting uaves). 2his is due to the fact that the abso3ute size of particlus

does not matter, only the size relative to the wavelength is In~ortant. Tas,

bollaw Al- sphores one inch in diameter strewn into the atmosphere will scatters

i.c. attemate radar waves qiantitative]y exactly lie tiny Al- spheres, one

teutbousandths of an inch in diameter, irll scattor visible light provided only

that differences in the refractive indices at the two wavelengths are taken

into accout.

On reviwing the developinnt of science, tecbnoloMr and national defenses

&ring tb* last fifteen years, it is amazing to see how large a contribution

the nderstanding and the application of radiation scattering has made in all

these areas. fte spce available here allows one to give only a fev sig ificant

exanples. e amazing progress in the fields of polymer clmistry and bioebemstry

is to a large extent due to the fact that light scattering has provided a rapid;

reliable and precise method for determining molecular weights and eproximate

molecular shapes and bas allowed one, what no other mhod is capable of doings

to follo the kinetics of changes in these qalities. Notemorty here is the

ploneoring work by Z1= and y Doty in the late forties. In all these areas,

it is primarily ayleiah scattering which bass at last, taken its place as a

tool in scientific research which it so fully deserves. A larip part of the

credit fbr this Wees to Decby who, in 1943s put the final touches to a theory
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developed by Einstein in 1910. This theory, though based upon an entirely

different approach, is flly equivalent to Rayleigh'a theory. It has, however,

the advantage that the final equations arrived at ft ellitate the practical

application of the scattering effect and furthenmore allow one to obtain, in

addition to the primry infornmation on mol nular weights and shapes, informt ion

on the thermody mics of the systems and processes studied. In the field of

colloid chemistry which deals with particles too smll to be seen in a micro-

scope, but larger than an average macromolecule, the growing exploitation of the

Mi theory has put us Just now on the threshold-of a full understanding and

control of the behavior of emulsions and of aerosols, to name only two important

classes of systems in this area. (Erperimentally, the work on scattering by

aerosols uas initiated in this country ppimarily by ra 14er (19 43 ].) In various

lab'ratories, extensive theoretical work is underway concerned with the quanti-

tative evaluation of radar attenuation by tiny atmospheric ice crystals and by

various types of cloud forations One also has available now complete theoreti-

cal information (results of the writer published thus far only in preliminary

form) which will allow one to predict the exact range of particle sizes which

for a given wavelength in the visible range, in the rango of radar waves or of

broadcasting vaves, will lead to minam radiation transmission or maximu

ivdlation reflection. Tbese and other developmnts in the science of light

scattering bold the promise of a more fruitful investigtion of fogs and smogs.

A full understanding that tkrna my be achieved, certainly will be the decisive

step towards eventual control or complete eradication. Fog and smog are the

ultimte result of a large accumulation in the lover atmosphere of dust and

debris from combustion which act as nuclei for water condensation. However,

the conclusion that the upper atmosphere is are and clean would not be
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Justified. Idght scattering experiments quite recently showed that dust My

be carried by eddy currents as high as 80,000 feet. - his finding, incidentally, )
leads to a solution of the puzzling problem as to vIy the sky is brighter tha

one would expect from Pylelgh's theory. InvesUiptions by space probes Pve

exactly the same results on the pollution of the uper atmosphere, the only

difference being that Ught scattering gave this informtion at a considerably

smaller cost.

The sky, however, is not the limit for scattering enthusiasts. They

already are busily engaged in wresting from outer space mny of its secrets

without having to take their feet off the ground. One hopes to clear up by

scattering experiments the unknown depth and concentration of the atmosphere of

Veims by studying its effect upon a beam reflected from the surf'ace of the

planet. It also is reasonable to expect that scattering may give useful

information on the consistency of the surface of the moon which is being debated

so mach. No attempts in this direction seem to have been made thu far. oight

scattering work bas, aso began to extend beyond the reaches of our solar system.

Particularly fscinating is the work of the Belgian astrophysicist, Dr. wings,,

on the radiation which comes to us from comts. ESperimposed upon their discrete

emission apectrum is a continuum which now has been found to be due to the

scattering of sunlight by cometary dust. Moreover, this dust effect appoars

to be larger the older the comet. 2wrefore, a method is developing here

which ill allow one before too long to tell the age of a comet from the amount

of dust it has masaed to collect in its tall. Where all this dust comes from

has also been partially explained by light scattering measurements. Thus, it

has been found in England that the solar F-corona may be understood as the result

of scattering by dust. The sun thus my turn out to be one of the dust generators,
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while the comets my belong to the class of dust catchers. The "cosmic dust",

as it is called, often is present in space in such large concentrations that

it partially obscures the radiation from distant galAxies. These giant blobs

also are the object of light scattering measurements in the hope to obtain

further information on their Wterles.

Returning now to earth and proceeding in the opposite direction, i.e.,

entering the microcosmic vorld of the atomic IiCleus, It is comn knowledie

that much of the progress made here is due to experiments with the cloud

cbamber and, more recently, with the bubble cbember. Here light scattering

makes visible convincingly, though indirectly, the laths taken by a-prticles,

protons, electrons, posItrons, mesons, and to follow the interactions of the

so-called "strange particles" of nuclear physics. Phenomena such as neutron

scattering also are treated by means of theories which in many respects are

related to the scattering of electroagnetic waves. An application of scatter-

ing which is of particular concern to many of us Is its use as a potentially

powerful tool in medical diagnosis. One successful exanwle dating back to

the waning period of World War II Is the examination of donor blood for the

degree t.,f non-sphericity of red blood cells by a rapid experiment on the

deviation of lateral scattering from synetry. Another exW~le is the present,

intriguing work by Boyle and associates who believe that the presence and

develo ent of atherosclerosis my be detected and studied by light scattering

measurements on blood serum.

Rapidly developing also is the theory and practical application of 1.Iht

scattering of transpa.rent or translucent solids. Here liht scattering mya be

due to a dispersion, within the solid, of g.ses or of liquids or, it may be

due to the formation of tiny regions of molecular ordentation within the matrix
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or it may, sinply, result from internal strain or from cavities. In all these

oases, internal refractive index differences arise and the resulting optical

in oeneity leads to light scattering and, consequently, to more or less

pronounced opaqueness. A good mqxle of a solid rendered'opaque by the

entrament of tiny droplets of water is the pearl. Its delicate bluish gray

color origintes exclusively from liobt scattering. (Therefore , you should

never heat a pearl above the boiling point of water.) An example of light

scattering due to differences in molecular orientation within a solid is the

scattering by polymer films, studied in this country at present primarily by

Stein and collaborators. It gives valuable infora tion on the internal

structure of polymer films. A lesson learned from the fact that Inhomoeneities

in solids my mks them opaque, duo only to refractive index differences, Is

that one now can make glasses, particularly plastic glasses, more tzansparent

than before by simply eliminating or =tching refractive index differences.

One has even succeeded to mnufacture translucent rubber tires by using exirio

fillers instead of carbon black. Unfortunately, their mechanical properties

still leave ach to be desired. Once this bottleneck is ironed out, translucent

tires my well become the next fed of car owners, particularly since white side

walls have already become so common place that they can no longer be used as

a mark of personal distinction. Into this category of light scattering phenomena

belongs also the finite, although extremely weak scattering by liquids where it

is due to local statistical density differences caused by tbe theral motion of

the molecules which make up the liquid. Of potentially far reaching theoretical

importance here is the very recent attempt by Debye (1.961) to use this pDnamn

in order to obtain in liquid mixtures infornation on the range of molecular forces.

The rmdiation scattered by molecules, particles, or inbamogemities bas



thus far been considered as being unaffected by that scattered by neighbors.

Actually there is an interference between the tndividual scattered wavelets,

more so the smaller the distances of neighbors, relative to the dimension of

the wavelength. A whole host of theorctically interesting and practicaly

most important phenomne can result fr such interforencesa. Smr of them

belong in an area which the uninquiring mind my wish to classify as a part

of the "twilight zone". We will limit ourselves to a brief outline of the

latter which are particularly intriguing.

When you drive along a higway on a hot sum=er day, you my see dark

patches on it in the distance uhich look just like ater. Then, when ymou

come closer, they vanish. The next time when you mike this observation,

stop while you see these patches and wait until a car passes you and drives

over those patches. You will be amazed to see that the o sems to lift

itself a Dew inches off the ground and to travel in air. Nbreover, you any'

sea ts understructure reflected on the patches. What is the reason? Within

2-3 inches off the ground, the temperature is 300 - 5e. higher than ftrther

up. DMe to the resulting refractive index differeres, the thin hot air 3Ayer

scatters calta differently than the air abovc it. This results in refraction

and reflection. Althouah this is contrary to everyd y experience, this

phem non shows that not only solid surfaces, but surfaces separating gases

of different opica1. pro;e ;sa, can-produad-poet -tfetia. ae.tt.

the reason stated. On practical result, in the present instance, is te

macroscopic effect of (a) invisibility of the ground proper and (b) reflection

from the upper border of the hot air layer, provided only tbat the angle which

the particular area on the highway makes with respect to both the sun and the

direction of your vision is Just right. Similarly you my, for the same reason,
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on driving across Utah's Salt Lake on a hot afternoon. suddenly see one of the

mountains on the horizon detach itcelf from its base. an experience which this

writer will never forget. Plying saucers also belong into this category

of phenomena, although here the diffuse reflection and refraction originate

at the surfaces of vortices of the air which differ in density from the rest

of the air. They are generally circular and, according to Helmholtz, may

be extremely longlived. They may, therefore, have travelled far frM the

place where they were generated, for instance by a jet breaking the sound

barrier. Unquestionably, photographs of this -penomenon could be tan if

and when the density differences are large enough. Another phenomenon which

is even more closely related to our "flying a-utomobile" and which turned out

to Ie of extreme practical uZ1 T uZness, is that of transhorizon wave propgation

due to diffuse reflection on stratifications in the uppermost sections of the

btmosphere. The closely related but optically more perfect phenomenon of

rata m rgana requires special temp.erature gradients similar to those which

lend to the car riding in the air' We all have felt sympathy with the man lost

in the Sahara desert who became- elated on suddenly seeing the mirage of an oasis

it the distant s1W. Heles, we cannot control these phenomena yet; but eventually

we may. If that. happens, there is no way of predicting how real estate values

in the Vjojave desert will skyrocket since real estate agents may then be able

to include in their package deal a permAnent rata morgans in the backyard

allowing a choice view of a selected section of Yosemite National Park.

I



WINROMMCION

h present technical report is a survey article on the scatter-

ing by syberes to be published shortly in a book entitled "Mactro-

magnetic Scattering" by Pergawn Press. It difftrs from the article

In as much as section II has been eliminated and a few minor other

cuts have been mare in order to conform to the limits imposed upon

the length of the individual contributions made to this book. The

grent majority of the theoretical and experimental results discussed

in more detail are those arrived at by the Research staff of this

laboratory under the Sponsorship of the Office of Naval Research.

The original Figure 5 was eliminated in this report because it

vould have required about 100 photographic reproductions. The Figure

vae not considered sufficiently important for an understanding of the

text to burden the project vith this extra expense. The elimination

of this Figure led, however, to a mixup in some figure numbers,

discovered after ectographing had been completed. In order not to

delay issuance of this report any longer, an error guide is inserted

on the following page vhich should exclude any possibility of confusion.

It should be noted that Figures 3, and 4, which were oversized,

have been split in halfs in order to insert them conveniently in this

report. Figure 3 is split into an upper and a lover half. Figure 4

is split into a left han. side and right hand side half.

I
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* Corretions for fiu.r &=nbars

Read Instead of Patber

19 Fig.5 uo l re

21 Fig. 6 Fls. 5

22 Fig. 5 no Figure

Fig. 5c no Figure

24 Pig. T Fig. 6

25 Fig. 8 Pie -7

25 Fig. 9 Fig. 8

a.



TaPREGAL AN EMPYiD W1IFAL iNVESTIATINS (O THE
LIGJT SGATTJMLUG OF COILOIDAL SPiRES

Wilfried Heller
Cheistry Department

Wayne State University
Detroit, Michigan

I Introduction

The moat iinortant theores on the scattering of electr mgnatic radiation

by spheres were developed prior to 1940$, the first theory by RWlesig4 haviug been

formuilated more than 90 years ago. Eperirentation in this field ws also quite

active between 190D and 1902. Large scale exploitation and refinamts of

existing theories and intensive experimental application of the scattering phe-

nomena did not, however, get 1mder-uray until a year or two after the beginning

of World 1ar II. Oly then were the potentialities of the light scattering me1hod

more fvily recogtized and taken advaata&e of in connection with pressing defense

problemus. It is not possible within the s e available here to do proper Ju3tice

to all the excellent theorotical and e:aperimental work that has been collected

dur-ing the past twenty years on the scatterin& of spheres. The intention is rather

to point out the most interesting new facts elicited from the theoiy, particularly

from that oi fLie4, and the most promising experimmntal. methods used in the recent

past in order to take best advantage of the theory in the study of systems con-

taining spheres.

I! Essentials of the ThcorL of SoatejInW by Spheres

The- scattering of a d:.leotr-ic nonabsorbing sphere (conducting spheres

Will -iot be considered here) dependli o. two variables: 1) its size relative to

the wave length of the olectromagnetic radiation. It will be expressed in terms

of e- ,Z VS ) here r is the radius of the sphere and is the wave

length in tho medium; 2) its dielectric construt, 61 , relative to that of the

surruwidng m ,dia 4, , wich shall be expressed in terms of the relative

refractive index, m - n2/nl, where n2 and n1 are the refractive indices

'This work was carried out with the support of the Office of Naval Research.
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of the sphere and of the medium respectively, (n2 = )o In the simple case that

OC -> O, the radiation scattering by a sphere is that expeoted from oscillating

dipole induced by the external electrc gmetic field. This case is covered by

the Hayleigh theoryI . As long as the sphere is so small compared to the wave

length that the phase of the exciting field is, at a given instant, irtually

the mame throughout the particle, isotropic inhomogeneities within the sphere

do not affect the validity of the theory. However, they co-determine the effective

value of n2 and the absolute magnitude of scattering. Consequently3, Debyets

theory of light scattering ty solutions5, which was of decisive importance for the

modem development of polymer chemistry, is fully equivalent to Rayl egh's theory.

A randomly coiled dissolved macromolecule very small compared to the wave length

will scatter radiation like a random assembly of spherical micro-beads (molecr'%r

segments) connected to each other by -lence bonds. Here, as in the case of

the actual Rayleigh sphere, one "collective" dipole represents quantitatively

te contribution to scattering of all the volume elements (beads and solvent

molecules contained with the quasisphaerica). volume of the macromolecule)*.

Since the Rayleigh 3and Debye teories are valid only as long as OC-00,

it i,, important to know how large Ce actually may be before a serious error is

committed on using the equations a.rTived at in these theories. The total error

in cX -detmminations by scattering measureuments should not exceed 2% at the

most, including the erorg in measurements of the refractive index and of con-

centration. A deviation of 2% of cZ calcUlated from the Rayleigh equation is

therefore u useful upper limit for the range of practical application of the

Rayleigh or Debye theory.

*TMe interpretation of Debye scattering by macromolecules given here is,
of course, different from but equivalent to that actually underlying the Debye-1instein theory, nawely that the 3cattering effect may be considered as the
result of fluctuations in concentration (see eog. (6)).
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On ttis basis, the upper lhits are arrived at in Table I*. The limits of

validity are given for the specific turbidity, defined in Section III They

are vixtually the same for any other light scattering quantityi*

As the sphere becomes larger, it is no longer possible to replace the

ocllators within it by a single representative dipole since there is now a

finite phase shift, in the direction of the incident beam, in the oscillation
of both the primary and the scattered ole tromagnetic field across the sphere.

Consequently, in addition to the scattered wave of the single representative dipole,

a second partial wave to be ascribed to the first electric quadrupole and a third,

due to tho first mangetic dipole, become now important. If the aim is merely a

modest extension of the 0 -range accessible to quantitative treatwnt without

imposing ny restriction on -the value of m, one may then make use of Stevenson's

extension of the Rayleigh theory', in which precisely these second and third

partial weaves re taken into account. The Stevenson equation extends the range

of particle sizes accessible to quantitative determinations two to throe fold

depending on -he value of m6

For still larger particles additional partial waves make finite con-

tributions to the scattered wave. Now, one can obtain relatively simple relations

only provided it is assumed that (m-l)-->0o. This., of course, implies the assumption

that the electromagnetic field inside the particle is the se an outside and is

homogeneous twoughout. Me best knomi theories developed for this limiting

case are those of Raleigh8 and of Oan,,, commioly referred to jointly as the

yleigh-ans theor-i and the second (chronologically first) theory oZ DeWe 0.

*The 0-values arrived at by means of the Mie-equation (see Section

III) are considered here as the true c -values.

The percent deviation depends an the scattering quantity considered,
to a sigaificant extent, only if its admissible value is set, at least, at 5o



In the Mlyleigh.-Ons theory, the scattering fAnotiorui arrived at iny be oonsidred

as the resultmnt of the contributions of dipolar, quadrupolar, octopolar and

higher polar partial waves both electric and magnetic. In the Deb.e theory

(idrch originat.d with the scattering of X-.rays), the olementary concept of

exclusive dipolar radiation is maintained. However, a particle is now replaced

by ;, atTay of dipoles whose coherent radiation is no longer in phase. The

intensity of the radiation scattered in a given direction is therefore, in a

first approdmations given by the collective interfee'nce of the wavelets emanating

from 1he individual dipoles, each being representative of a volume element of

the particle (or molecule) small compared to the vava length. The equations

arrived at are frlly eq~uivaleut to those derived from the Rcr 1eigh-Oans equation.

Thero is, however, one p1~sIcaIIy interesting difference: the factor P (see below)

which ic mrely a mathematical quantity in the RaylieghCans equation, ass mes

here the significanco of at "inte-:, rence factor"*,

A survey of the perfor=;ice of the theories just outlined is given in
13

Fig. 1, erplcying tho principle of "e -.ir contour charts:' . The graphical

results are based upon a coqmparson of the (A V/c ) data obtained from the 4ife-

thoory discussed beloti with those obtained from the other theories. Within each

of the d.ffeoritly shaded areas the error is a , on using the respective theory

*Since -the scattered wavelets aro all in phase in the direction of the
primary bevm, P-I in the forwar-d direction. Conseqvvntly the light scattered
in the forvwod d.rcction is equal to that calculated from the Rayleigh theory
for &s.il spheres i provided, of course, that (-1I) -->O, This forms the basis for
4zrim's elegant methi4 of deteriaing large molecular weights by extrapolation
of a -ular scatterixg intenz ties to the forward direction1 1 . The Zimn methad
will of course, be quantitatively correct only as long as a second type of
intorference effect., that betwaeen ths scattered and primary beam in the orward
direction, can be neglected, i.e. as long as (m-l) is vary small and, in addition,
as long as C is not very largo' 2 .



is lez tia 5%. Tho conto z Uine se vrat;.In aach sha.dvd area fra4n the rest

of the diagraL is the 5% dmi ation It~ne; ba~ycond -it t13 dcciation is > 5%e

(on conmiderinug a 2% dmv.~tian as~ tha pxnirw.j.b:Lo mxv~m each of the aroaz,

vould be diiitinct2.y Prmllez.)N Tho err~or conitour alicixte ea, obviously, somtVaeo

diffPeront on cons do-,I,ix s,, fagilxoatrn dtgm t

Cimactorls tic £ta,~or- the ccantours are t-he orsem Th-e folao-aing bitherto

tinimoa and rather surprisin~g factsa eywrge fr m 4.1. oawic: 1) the range of

CIL -vIue ccac-sbl-i by mcnsi of th(e, IWUIZeIg th-eor-y inore*ae cignificavtV4

~.Ath V,. (Beyanci m 1-35. ce, the roacrsno tread L=rsaets itself. ); 2) the

Ray~~i~~15ard Debya thov.'±s (t be -referra~l to 13 fl-Cl-f theory or- account

Oxf thix' C-OiV'2lence) cr'e , itin . nar-romw (,f -ranzc, (fromn about 2.0 to about

5,,0)) vaLW j :a -v41~,%s in ,:cess of 1.10, rand froui ani 6 , oR about 0.8 up to

about 9. validk v,, iivcuaA P!3 .lo.rg- a, 1,5 This dofiert, Ani practical terms,

t-aco~m.;Tqer.oe ofthe Z-1htoratim: L su2t~ion ta r-)?O 3) the R-O-D

is t lie, is to czd-xmely ~iL m.I)-1ui tvrlo vue iI ' .Um~rvc. t~ cn~vo iw~' ii .p- a -~~~ t oyir solutions.
4 .:all. thiovo (Z - ,.' -va'Iucs irchar ot one'dby tbocso three

tho~C, ctk~ Um. U!Lo Th, cry," -tim'or/ tziriotY: accxvate, data are desired.

Tine ~ -Jo eas~i~ very 1orJ.-; (Z --cijc (2ger tban w-,ouxt 90) -where

i'o~'~ii~ t:" t z~ bt~nd Or& o.- -td t-og~tia optics my be quamtP

&tie).; ~eor.bc~ 2he Mic± th:cc-;y tak:o i.c;t , LUl acoont oZ the ifo14Uqn

co:.c~bi,~1 stch~2~to v*lezn :nelther Z --> 0 no. 'u-11) --> 0: 1) the anplitude

Of - oIllzvin (the dlvteil e rd ragnotic field strengtlis) Aithin the sphere '
CU Cf r ;nv tlhat ...n ~h fC~a pii-uv shift coacmr at the boundary between

Ssph,,-:x,; 2) ti-,tWm aqn ,nth uzthin the sinhero difrs fromu that in the

~v~u 3 ~i) hn-c o-:'the exoting; ficidA avid, comieqiently the phacle ol the

~catZoC Y~~I, ., at anryitat (IlfformI inm dASM'Orem-. voluzaeo eleents of tile

Cu hel~rart", =.co; 1~) escattm-ad field riffeots Vhe primary



electrompritc ZJ.02.d The restric dIou i o3ood 4.1 te tyleigh theor~r that

t)* aUvis mei to (U.regar d '~r~ir~ (3) and (h;thq reetriction

imposed in the R.j -D tbeovy thA.tt (r-I) - 0 aJi ovn--* tr. disregard compl.1caticras

(I), (2), wi (4) Factor~ (2) and tlhe irliwoek'1eity of the electric

field imV~e the ,),=t:Lcli* locad -L.( doplevIzastion, a eLfeat uhich therefore

is not accounted for' In the 2.-..D tc ,Factor (P-) iea(ds to e~liptically

polarized lirht roxcpt For x4~i 5,00 with reapect to the itncideat be=,

anxd O1so except for (i*nd--rec--) oservation In the .rw4d ancA backmard direction

if the elet~rl veator of' th,s .icident btxmm forms zji uvnle differing from both~

00 and 90 with 1"Im pl~ne ci 0o5r-rt-Ioa iactor (4) il-1 ranponsible tor

cmicathons in. t16e datcrIla-ca ofti refrv-rtive indem of strongly scatterkag

di ~asolvoad or muiwvcl 1- 4

'Thc thrtIC . o±' . rlfvih Aie z",'rIes are tu ortunately very

Caoicated, ex~~-,cocpt : c:7 OL4.o'a1 ys~~tpenu I.C, exploratory

omputatiors, oSf 1-*aht sca+t;tq iL 1utm;r y ro2.atively little comn-

vat via . -L 3oza priov -k .. -: zkvnt of elxptremic co~mrters

~~ti1J.~~a- f, -3e~t~ b ie ho by the f irst large

* irL tr x vo.my ' with* r y A. F;u zve~ .;cLv of 'We~vie smlnes d te



cleve2al o -o ir-valuea ~-)..,3 3r' (Wx~ch are of interest primarily for

aeosols), and for m-lralmo "- 1,30 (iftlh aeoo priy of Jntercmt for liquid

5iopsis of Spheres) .Since interpolation~s of scattering Amations r

rathe~r difficult at large rn-valuas whera all tho functions oscillate extenavely

vith both 65 and ini, additional 'very elaborato computations for rn-values PJ

represamt a most irportant additoi to the ta; %TIar rtatexial providad by Sliepcevich,

TakIng into account, also recerrt tabzt&1 iQoj3 for special (6 - and vi-values 2 0

oue can *aW that the practical use of Ve Hlie t~heory Ic nvi assured gor virtualy

Wn CC, - and mw-vaJlne -nch on,:. may ordlnar~iy mqpect to encounter for dieloctric

spktorcs on uising li-ght waves. fin impor tmni initial step in c~putiig Ifie-frnctions

21for selectivrly asorbing s3herca has z?,so been =ado recently . SiXid.Arly.,

aa yt mnpbib.shed comptati.anz aro being c=Tied at Vy varIOUs authlors in a

large acali attei~ipt to co-ver thoso specia im-valtwe uhich are of particular

:Lfterast in mimwme scatterimg And iLx apac physoics and iaeteroloVy2 2 t h

G~iY3n tha .dO!n.V a Co~p'.tationus do not covor theml ca yet as fully as desirable,

in V-I0"; of thuea tenISivu tabulations ol scattering functions or, the basis

of the* -lie thaory,, n-srie uf appro da-ig theoretical tretmenta, intended -to

lx partijal auoii~sfor the ia~t tbow r.r ha~ve lc--t their prev"Ios int~erest as

far as theQ acetteri~ng of cphow-oc is ocnncd. Some of thn retairt, however,

conideraVLe intarmat on accaunt ol the:.x jpote,-ritiecl or actual applicability to the

scattezinr, by norxptxerioeaL bodJics ?: rti..ularly notetworthy for this rea~son are

the :CoU mnmg' thooies: 1.) a tUmory. by 'lzat sad MontroiJ3 3 rnhich i3 comparable

tthe -(- theo!ry in as mi'eh iz the Ael atrength (mlplitude) in the particle

and mediu is mssumed to be the sam..., ba.t diiffrs: frrm 1-6 by assumdng that the

* ~ ~ For such bodica, the daveulpim~t uX an equivalent to the M~e tkaory,
altlmagrk attmrp+ed 2 24, em hrxc.3y 'm hopzd for in --low of t4he quite extra-
ordimary mitismatcal dtfficultleo -u;bich n:c'e encountered,



wave length in the particle and madi t differs. An error contour chart would

probably show a slightly better performance than that found for the R-O-D theory;

2) a theory by van de 'ulast 24 in ich the phase shift in the primary electro-

magnetic field at the surface of the scattering particle is aken into account,

ile, on the othr hand, both field strength and wave length are assumed to

be the same in particle and med±iu. This theory also is apt to show a slightly

better performance than the R-G-D theory.

Two other types of approximating treatments specifically concentrate on

simplifying the MAe-wzp'essions. One, by van do Hulst24, is based on neglecting

in a series development of the Ne equations those terms which at large (Z -values

contribute relative2y little so that "moothed out" scattering curves re obtained.

This approach allows one to define in good approrimation the a - and m-values

at which maxima and minima of the sca.ttering coefficient and of the angular

scattering occur (see Section IV for a defin.tion of these terms). Helated in

purpose is a second simpliying treatment by Hart and IXontroll pertinent to

large a -values23 ,

Tha same objeotives aiod at by the two preceeding treatmwnts can be

achieved by substituting., whonever possibie. for the Hio-functions analytical

aqpressiors derived from dataactuaWly computed frci the Mie-theory. They

necessarily neglect the small '. igggles in the Mie-curves but obviously, give

accurate restL.ts within the (X - and m-range or ranges of their validity. Thus,,

Fig. 1 shows the r -m-area ithin which several suitable chosen analytical

ewpressions duplicate the results of the Hie-turbidity data2 . %milarly, the

variation of the turbidity maximm ( or of the prominent first maximum in the

scattering coefficient) wit), O and m can easily be expressed by simple

analytical expressions 26 . Lastly, the location of antlar mania and minim
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follow relatively simple analytical resdons 27 #28 as long as a is not too

3"ge.

inI Forwilation of the Pra~ct~oal~x Imortant bpEMuions with &s~haais on
tamse Dorlived from ther His Theory

Since several exoellent threatises describe the essentials of the

mathmmatical treatment by 14e29, it in sufficient here to develop those final

equations which are of direct experimental interest. For the sake of uniformity,

the symbolism Introduced by Mie vill be adhered to as far as is practical.

The basic dimensionless quantity obtained from the Hie theory is L.

It is a fuction of m ,mand Am and its calculation Involves the use of

Beasel functions and Legendre polynomials. Depending on whether the electric

vector of the incident linearly polarized beam vibrates perpendicular (ij)

or paralel (i #,) relative to the plane of observation, the Hie theory

yields '

(2)
Here e is the angle of observation with respect to the reverse direction

of the prwary beam*. Since the full definition of the quantities An, Bn an

P 1 is quite space consuing, the reader is refurred to one of the repeated

definitions given in the literaure3 l. All practically important equations

are directly derivable from eqs. (1) and (2). Cosidering first the radiant

energr scattered by a single sphere in Vw direction 6 f, assuning the incident

*It is more common at preseot to use instead of the ie-angle J rather

the angle between t'ie direction of observation and the direction of the primary
bamj ObviOU84y 49 7
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beamu to hare unit intanistWr, one has the relations

AX

4 rr 'A '(GO
anid

Heare, r is the photmatrio diatmeac and the esubscript? u identifies an unpoJlar-

ized tn'3ident beam, These end cCLL fo3.1oin equatdoris e're valid if r ' A
Mlore converdeat than the dimensioules qum-itity J is the quantity

iftich repreents thie Inteus5tV of Light scattercd per unit solid angle anid per

unit intemrity of the incident boam 1q the direction Equation (6) is all

that ies reeded if the sphere 'is large eniou[-,-h bo give a direetly measurable

Onl on insanc is thus~ far Imw Nfc *:ii!-t scatt-CrinG mreasurernnts on a

sing2!: ricr'ozcwie sphero wro successIN13 0. Ci2srally. only the effect produced

by a reasonably 1ar, mcmaber of spheres pey volxue it, N. is well mmm-able,

Since

Where V.L .1 the optically- effectiver (i "va'iatc-d aud Jbserved) volmume of the

~'ctt~i iten, -it :CO1a-m 'Inht th, speciftc inrersity o:Z lI-ght scattered,

per uni.t zolid mril1. and uWiI- intensliy of the inaident be~rn, by I cm3 of the

scatterin.1 &yv 4-3i

It~ore .-. tho voJ.ui fraction of the ophores. SVice

'I
A"



-where 40 the vactma wave length, , d .1 is the rofractive indmx ol. the

medium in x-rLch the spheros are dissol' ed, dispersed, or embedded, NA is Avogadro's

ummber, man V is th e partirl opeific valume of thle spheres One can determine

Vw diametr of n sphere, D, D r ior "rolecula, vight", M, by inserting in eq.

(8) the experimental value of (IA O) ( ) extrapolated to zero Q in order to

exclud interference by rialt.pJle scattoring.

On integrating the -71, ( J' ) and j ( 6~f) vo2.us over the murf ace of

a sphire of unitt radiua and on to1 4lcne WS.f of the s one obtains the total

scatze:-ing cros" section, ,, of a aphere. It may be c&lculated more simply

from the r .aLtion

R ,i = (10)

Nhich alio 1o.lows directly fro Uie Hie tbehory (For a definition of the symbols
in ]4 (10; see eog. ref. 34.'

'Ths 4cattc;'nMg c- oC sseolcn does not corespond -to the sejometrical

'Woou .ICV.Oa, Its Vaj.Ue rci;.ative to bhat. of the ,oimetrical. cross section,

2rs  i c:, i €c the scatterix ,oelztfic

K

(where i s -a abbreviato. fo: the sui:m ;,tior, in sq. (10)) oscillates with

.do,.in litude, .s d , about a iean valie of 2.0, as shonz in

Fig,, 2 for r.=1 0,

The quantlij ganerasQi anoscure. io neither It nor K but the relative loss

in intersity of the incident bcara on Qraversi.nc a syatea con aining N spheres

*Nor nontrausporent; i. e for stroni.gly absorbing scatterera, the value
of K obvionsly shotld be 1,O u cZ . Tv'or transparcit scatterers, considered
here, the :.terforance betwoen iprimaxy wnd i;cattered wa. in the £onrmrd direction
results in a disslpation of oaerpy equal to t 'wice tat dissipated by scattering

I Ji tse2&'



*per &Q,, The rwatau'4 coefficL;.t of "ajppareait" abvorption, gmerally denoted

as t umbidity,

,Am e1 ir the intewieity of thei tnoidarat ba= I thc intensityr af the beat

eorging ±'r=~ the scattering sycitemi, mnd x ix the path lenxgth okf the satte~rig

co. Introducing eq. (7), c'nt#. obtains the Miensionless qwmity

A t' 3 - 6 R'3.

-9 (TT .- 6c Z z a (13)

The mpecific tuz'bidityp ~ theref ore greua~LI dscre~' ses, at cons tm-t wave

length, toe zaro Ais a!. increaceivc, oeter avin etraversed one mingle prominaen;

mm.

The qmititieG contv.t'Cd In the f~nrnatV.on 1just like those cal~-

bixtitng to i (oqs. .(1) rind (2)). eapm int a v,*T% oor.:Ucatcsd fachion mn C6.

C*e Na / :hre 6  m 6C l ci eortrazzt "-o -K.is, the eitmatlu.n ise rather simle

on U.Si-, hea tho hc u to ies nw-Idored. in Vie, '-L,, lainteindng the symbolim.

wee L'cr -bie 1.thoone vradi~y £inio !,ht in the wose of the Rayleigh

theor.1

06

(L) = * (I lie

6)s
wh(e6)

.4 -,

(10



-ieexcept Or 7:.%mittd rangv: (u' ic F 3). T:. umt be very 3ma~l.

wlbduh is h ~~~ thi oquitioxatuU Lven by{ Rayl1-itc)2. Bocth eqs. , 8

id(.a ac , o voce, tot'' yii oLyl 1 qztima (16) ifV1O

'T~ C *M.. d1 .cr' ci the frt~. co actor ,dvea in eq. (19)

in~ q x w~~n:~ert ~ izvrc lternatCa equi.valont~ foru..ations.

lt ShoW". LO 'w (Ae nrjc -hat ha.x:':~PLs --cn 3val-aa;ed not only for

4;Orr bul. al ±'-: r,,z Cl c imrcl nv-dt;.

(21) 1
~qaA rs(21:", (22) ( ~ 2Lt) oc*,deveOIclid .ol~ cit- iy I". f, 1

,ccro kiucily prcr.'idcci TOr 1.2in V:~1mp,~~:&~~ .,-



~~~/7~qj FrI dvv. _ '~

(22)

which sn plifies, for =90,

2 2.7

rrm (23)

- 0 (24)

IV Survey of ernntal ethodo

The purpose of scattering meabstrento on systemns oontainiug spheres of

iuaiforma sizo is goriws-a22y the doterwmtIon of the diametar, D. or the iKoight,

1, of a cphere. If the srheres do not ell. have th-a same size, -then evaluation

of the size dist)iibetion is wn additional. problem which one may wish to solve

by sattering meumnlts * The prirwipwi experiwnntal procedures available

*"or a doteriairtation of D or 14 are eniurnrated in Table II, Each procedure Is

evalut-d critica.2y as to its merits and sortcoriugs to the extend sufficient

infor.;uati'on is available. T13e < walwations given are based predominately on the

experience gaincd in the writcr' s laboratory. The reiiaindei, of this article is

conacerned prizarily ,rith an olaboratton of their information given in Table flb

In tiew of thQe large amou~nt of eporinen-bal work published in this field and

the restioted size of this3 esswy, referance can be made on2 y to a limited num~ber

Of the oi1hl in~vestiga:Uons published by various authors.

JL~ Turbidity 1easuremerit.

Tu).rbidi:)ty measurements are very attractive becaune the techniquo is

relatively cimple, the particle sizei derived mr aboolute sizes, and precision

and a('i~rac.' can be scaled so bigh. that errors in particle diamter

need n~t exceed &2 . As seen in Fig. 3 the results, are in eenera2.,
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bi-valued. Measurements at two wave lengths allow one, however , to decide vey

quickly as to whether me operates on the ascending or descending branch of the

relatively s e v( a vs -cuve. If m is large (*7 l.25) seocndat oscill-

ations introduce problem in single valuedness at a -values > 10"0 One feature

that requLres etreemsly careful attention is the iaportance of the solid angle of

the incident beam, and partioularly, of the scattered beam. Unless it is

sufficiently small, the results obtained may be quite erroneous A3n. Mother

disadvantage is that a precise knowledge of the concentration of the scattering

material is mandatory if useful results are to be obtained in monoohrcmatic

light. On the other hand, eztrapolation of or to ero conoea-l~hC.

tration is very simple, since the plot of such data against c or V2 gLves at

10': concentration a rigorously straight line 5 , ubichl has sero slope if the

beat of dispersion or of solution is zero * As regards the speed of meavre-

ments, turbidity masureents are most like3ly the fastest possible scattering

measurements, considering the time elapsed from the filling of the scattering

cell unil the particle size evaluated from turbidity tables31 v33 is recorded.

The tt -range accessible to turbidity measurements is restricted at both very low

and veray high C-valuen, uless in both instances very long clls ae sployed.

Othevib the precision is rather poor if 06 is < - 0.3 and P - 50 since the

transmituacy is then far too high at the mandatory low concentratioanso .

In order to provide a slmp&a correlation between 4 and particle diaeter
for those working with visible light, it mq be stated that 1Z a 1.0 correspnds
to a particle deuter of 130.302 me, if 5.o W6.73 R and if the media Is
water at 25 OOO ,

**fh quantity a reresents the concentration in g/lOOg.

"'lth very long cells, on the other hand, one my go considerably below
this limiting a -value as docunted by the quite satiefacto molecular weght
deteraWation of egg albiudfrom the turbdity in 38 co * -7,O00
1500 as co ared to 449000,0 the most recent literature data obtained fr(M
sedlantation and d1fusion).
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For further iuformation an turbidity moasurements Gae also references 37 and

38.

2. Ligt Scatter.ing at 0*

Id.ht sCattering a8eUrGMets at IM angle of 900 with respec to the

inoident bem have for maq years been the favored method in connection iith

molecular ei~g determinations in mac molecular solutions. In comtradistinction

to tokrbdity measurements, there exists no lover 33nit for . Even molecular

weights as loW7 as a few thousand can, in principle, be determined quite womtaly.

An shomi in Fig. hg, 900 mewuremnts have the disadvantage in that the results

are aultivalued unless the approximate size range involved is a poi knw.

As ln as one is certain that (Z < 3 results are mare3y bivalued so that meamav-

mants at t, wave lengths can then resolve the problm. (By using visible light,

this corrosonds to an upper value for the particle diameter of approzvately

400 z/.) As in turbidity mewaurments, the results iu order to be reliable

require that the coucentration be known as accurately as possible. Furtheiore,

the solid angle shouJd be as small as is compatible with the requirement of a

reasonably large response of the phototube. It should preferably not exceed

4. adian or one should extrapolate the exporinental. data$ referred

to =it rclid anglo. to zero solid a2gle 0 . One major disadvantage compared

to turbidity rmasurente is the fact that the data obtained b eerimentation

have to be multiplied by an iastrumant oonstnt* before they can be compared to

theoreticel data. If the nstrwmt is very meL coostructed, one my deriva

the absolute value of the instmwment comstant iMich elizinates the empirical

featuro involved in calibrations. IHotmer, the beat that one could accowplsh

*Fo a caqrebansive review of the problem of -1bration see Ref. Ia.



17

in this direction thus far is a theoretical constant differing by not more than

35% from that obtained by calibration O. (Thre is no doubt that this uncertainty

can be reduced still further.) An additional feature uhich complicates 900.-

measureimnts is the fact that for certain Or -values extrapolation of I/toc

to zero concentration is rather difficult on account of pronounced changes in

slope at even very low a These changes are ncre pronounced the larger theI solid angle of the scattered beam, so that onl2y very drastic reduction of the

solid argle can resolve this problem, While it thercfore appears that turbidity

mmseiments deserve preference over 900 measurements, provided that a - and

iwhvaluet involved allow one to make precise turbidity measurements, it is

necessary to make one important reservtion: the rapid change of scattering

ith Q;, apparent in Fig. 4, makes 900-easurements an incomwarably more sensitive

tool for detecting relatively small changes or small differences in ise, parti-

cularly in those a -ranges near the turbidAity maximum, here the turbidity

changes relatively little with (Z. It also has been established 0 that accuracy

and precision of measurements conducted properly with the proper kind of apparatus

are about the same as for turbidity measurements.

, &Scattering Ratio, Polarisation Ratio and Depolarizatio

Most of the drawbacks encountered with measurements of the intensity of

light scattered fron an unpolarived (or polarized) beam at 900 with respect to

the inident beamR can be eliminated by measuring ra'her intensity ratios,

There are two possibilities at constant wave length, The first one consists

of maldn two consecutive measurements of the total intensity of light scattered

fra a linearly polarized incident beam whobe electric vector first vibrates

The considerably loss ;ood agreement actually reported in the pub-

lication referred to resulted from an error in calculation
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parallel and subsequently perpendicular to the plane of observation. The ratio

of the two quantities Ii//I o and I w/ masured in cuccession, i.e. I/I

is identical with it, /i . It has been designated as "scattering ratio"43o

The second possibility consists of using an e incident beam and of

detrmining vith the aid of an analysing prism interposed between scattering cell

and observer, first the intensitV of scattered light vibrating in the plane of

observation and, subsequently, of that vibrating perpendicular to the plane of

observation. This is the classical procedure in depolarization measurementso

It has been wsed extensively by La 3 7 and Kerke9r, particularly in comection

with size determinations in sulfur sole Since these authors used the ratio

I// /IL (where the subscripta have now a different meaning from that of above)

also at angles other than 900, they desigated it as "polarisation ratio" In

the case of spheres, muasuramnts of the scattering ratio and of the polarization

ratio (do polarization) give identical results. Therefore, the results of

recent sstematic theoreticalA4 and e45invntal inestigations of the scattering

ratio apply also to the alternate effect.

One of the most obvious advantages of the ratio I #A/1. as ompared to

I/I o is that the concentration does not directly enter in the m ical results.

Moreover, on extrapolating this ratio to zero concentration, one will find that,

with very few exceptions, its slope is constant in the range of low ooncentiatL45.o

In addition, the effect of the solid angle is drastically reduced since it affects,

In a first approximation, both dencminator and numerator similarly unless a

scattering mawdm or mdWoi is located at or very near 900 . Finlly, the

data obtained ar absolute datA which do not require use of an instrament constant

unless the photosensitive area of the photocell ia anisotropic or unless there

are some more obvious shortcomings in the optios of the instrment used. It is
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therefore not surprising that the particle ase determinaticns by means of scattering

ratio (or polarimation ratio) meaurementa are both highly precise and accurate.

Table II shows the good agrement of particle diameters determined from the

scatterine ratio (DO) and by 0 lectron microscop (D.) respectively . Thu

only two limitations to the use of the scattering ratio are: 1) as In the pre-

ceding method (2) results on particle size obtained at a single Mave length are

mltivalued; 2) in contradistinction to the preceding method, there is a lower

limit for 0Z below whioh the seattering ratio cannot be used. The value of

i // is sero at Xv-values smaller than those given in Table I and it is large

enMMgh to allow precise data of I., Ila only if a~ / 2.0. The most advantageous

OC -ranges for the smperImental use of the scattering ratio and their dependenoe

on a follow easily from available detailed graphs and tables4 .

4 4.

Figure 5 shom three characteristic phase in thechanges occurring is

the radiation diagram of spheres as a inareases. Diagra A is representative

Of pure dipolar Rayleigh scattering characterized by perfect sy of the

radiation diagram. Diagram B show how the radiation diagram becomes aya-

netrical onoe the dimensions of the sphere are no longer mall compared to the

wave length. More light is being acattered at anlev) >900 than. at angles 0 '<90

This effect, original3y called ie-egfect because it was discovered both

theoretically and experimentally (through experimente by steubing) bVy Mis,

is nowadays generally referred to as dissymetry, It is clear from diagram B

in Fig. 5 that the ratio of the intensity of light scattered at 4 -r o'to

that scattered at 135% i.e. C1 t should provide a useful method for
particle size determinations. Gonsidering a uwdian a-value of 1.20, it waa
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fo~md tbat this ratio shoul~d in fact be purticularly useful. in the range 0.4

- < 2. Here, th ratio decreasee about 100 fold wIth rising (, i.. it

is here exrmely sensitive -o ohagSec in part0cle se. It is C account Of

this high sensitivity to marticle dinension3 (end to particle shpe) in the 3omw

have assum d an otatanding role in determinatioa of ulecula' wight and

o ular shapes in macranolecular chwm±8txy and physic 32  Theml I one raxely

ezcoeds an a -valuo of 0.4 - 0.6 and therefore is virtually free frm the risk

of vwltivaluedness of results, The problem of =mltivaluedness is here the go

as with the two preceding methods. One might remove it by using &s an additional

argument or/and 4Z,,5 and (l, /z..) 42 s.43. At, 06,.v)l.

> , o reason can be sem iT yiney try aeasure iant should be perferred to

those of the scattering ratio (depoLarizatd&on) at 90, or at other angle, or

to other mathods to £onlow balo .

°Forw-rd end Backww Seati-ring

Scattering in hs f oz-ard dirotioa (directi- of the primary beam) and

bakward directioa is in special oases of mator intrst. oi ;irst

bac: scattaring, Fig. , repoded from a recent theoretical 3 V shove

that the maxiia and n aisa of i follow each other &ch faster ith increasing

than Lt 90 (Fig. 4) wnd that the first mxa occurs at an 4t -vain as low

as 1.45 if i = 1.20, T ero is cert ln.i y no intereat in determining partcle

sizes or molecular w"ia*t by ea-.apolw.iig angular datato e 0. Ufflov

the thcoretical data aran.l*b 1 8 1 9 are of major Interost fa' the theoretical

treatment of such pro-alew aa riibility thrcugh iolb~mnaed clouds and smokes

as a AnOtion of pal-ticle si0o7. In adition, on taking into aceoim. uamtiple
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soattering, these data should allow o to approach the problem of optimum

grain s±5e in paints and in light and radar reflecting devices in a non-emyLrioal,

fundmantal way.

Forward scattering, in considerable contrast to back scattering, exhibits

no maim or nimum at 06-values <25 as log as m .4I2&. Tis$ agai
applits to . Partle sizes obtained fron forward scattering, by means of

Zimr plots 1 , are therefore single valued within relatively large ranges of values

of the variables 0 and m. An additional attractive feature is that one =7 at

u ficliAtly sall a-values use the sinple RVlelgh equation (see eq. (16))

withit making a major error in partiole di weter oven at a -values > 10o

Frm detailed data given elsewhere"  , one arrives at the following apprc.aate

-valua leading to an error in particle diameter in oxcess of 5% (in backets:

in eccea of22%) on using eq. (16) in connecting ith forward scattering.
aO

1.0.5 > 15 (7 2)

1.10 12 (1)

1.15 2 (< 1)

Ecept for these two advantages, there is no incentive to use forward scattering

in preference to the oxperimenta3 v simpler scattering ratio or turdt V

moasuren eet.

60 An ar ScannIRS

As soon as O is large enoug so that the first scattering maanu is

generated at o (Fie, 6), an intriMung method of particle siz, deter-

*It my be recalled that the maxima for (I/Toc) occur, of course, at

-values appreciably saaller than those of i. Those of I/LA occw at the
sae Ot as these of i if ^"\ is kept constant.

"*The equation actually involved is the R-04D- equation (18)o Since P s,,
if 180 0 , it reduces fort ts angle to eq. (16).
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minatloU begins to beoome possible. With a further Increase in 6, the first

in a moves forward and a second mum is being generated at 0.

Thus, the radiation diagram soon begins to sexhibit a series of sxima and mina

as shown for a limited number of small 6" -values in diagru C of Fig. 5. It

is therefore possible to determine particle sizes simply by scaning, i.e. by

determining the angular location of a mazima or minimum or of maaima and/or

minima. Dandliker was the first to give more than cursory attention to this

possibilityw. A detailed ucamiation of the theoretical aspects and potential-

ities of this method2 8 shows that an unequivocally single-valued answer on part._le

size can be obtained on determining both the angular location and angular sep-

aration of an intensity mexinam and of an adjacesit intensity minimum. Outstanding

other advantages of the method are: 4) the concentration has a relatively small

effect upon the angular location of madm and nimaO'n; b) the aoouracy

in the particle diameters obtained is ,-ory high If a suficiently cmall solid

angle is used 3; c) there is no need for an instrupent constant; d) the

sensitiity of the angular location of maxima and minima to changes in particle

sires is very high at angle.s < 0 , more so the closer mne approaohes to - 0.

There in therefore an advantage in working at small -vales 2 8 . (Several

authors have used and advocate the use of maxima or minima close to the forward

dfrecti~m. By doing this, one loses the two cuttanding advantages of the

scanmiug method - bigh sensitivity to changes in Q and accuracy of the W -valmes

dorived.); e) interpolation of 0; -valws tam theoretical data (eg, ref 18) is

relative]y secure, vith the exception of high orders of maxima and aiias, the

S-values associated with an intensity maxi-ud i or minim vary aboWx 5 h

linearly with [2cos j'/12)] and ualy linearly vith it If )e< 450for
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higher order maxim and minima . Disadvuntages of the scani.ng method are:

1) The resuat depend very s5roag1y on solid angle, more so the more mnuious

the maxim and idnm ar , 2) The dete.mination of a scan requires far more

time than most of the other procedures, unless the needfor mmusu operation is

elimnated by automation.

7* S~atra

Spectra of the light scattering quantities are of interest for several

reasons. First of all, they allow one by normalization to eliminate the ditect

contribution of errors in concentration determinations to the accuracy of particle

sizes to be , erived from ( ) or (!/Ic)&,. For t-bis purpose, on simply uses

an a criterion of particle size coincidence of a normalized section of the emperi-

mntal turbidity spectrum or of the scwattering spectrum at a given angle of

with a normalized section o the corresponding theoretical spectru * The

saw purpoe is served by oonsidering iastead of a spetrum of finite width

rather a differential speotrum. This is done in particle size determinations

by weaus of the "wave length exomeat" 53s -38* The latter is of particular

interest if the objective of the measurement is pead without nod of high

accurany, the formwr is indicated if high accuracy is the prime objective and

time roquirant is of secoudary considcwation.

The second possible motivation for the study of spectra is elimination of

wLtivalued anmmrs on particle size, vhich aise or. using several of the

methods discussed above (2, 3, and 4). There is no instance where use of spectra

(if necessary of two quantities) cannot resolve the problem of sltivaoneas.

Thirdly, spectra observed with incident polychromatic (e.g. vite)

' a ) 1.20, these simple relitionships gradually bece invalid nd

the mveneut of the axima and miim with increase in CX may become quite
coi oated.



light rather than those obtained by ay8tematico variation of waire 3enth in

ecattering ezpernents may provide an extremely conv n ent, although not highly

accurate, method of rapid particle aize determuinat ons, Thu, the turbidity

spectrum wahbited by the Bettiag sun could, depending on the particular b2e

within the Un1its of Ulght orange and deep red, give information on the amount

and/or approximate sie of dust in the at.mosphere. 02 partioular interest,

however, are the colors mhich one can olserve in the light scattered lateral

b.yr stums which contain particles of n1arly uniform size. These oolors which

vary on varyLng the angle of obervation Wysteeiatica.3 between 00 " 186c am

discovered by Ray~, bAt they were systeustioally studied first and foremat

by La)er"?9* who designated the m1 as llHigwe Order Tyndall Spectra" (HOTS),

In Laer's method, one determines the angle at which a characteriatic color

band (a "red band" is preferred) Le oboeavedo By ealIbration or by using coqpoalte

angular Me data, particle sizes follow imedA4. T'hese colors are, of course,

a convequence of the fact that the lateral scattering maxima and E.nima (see

Fig. 5 c) move, at constant particle site, towards Ihe forward direction as the

wavelength deoreasasa This is shosn on one ezmqie% in Fig. 7. Conusquen t y

a distinct color will be observed at that anegle do at which scattering reaches

either a maximi or minimal value at a wave length contined within the visible

spectrum. This also is shown in Fie. 7 (dashed eurve) While particle sizes

determined by means of HUMS can, of course, not possibly compete in accuracy

with those obtained in motobrumati liUht from the location ot anular maxima

and mlina, the method is very elegant and very simple and, therefore, has distinct

advantages whenever speed in the determination of approxlmate particle sizes is

esaenttl., and whenever the system Is sufficiently amodisperse to makm the

method applicable.
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The fourth and last reason vhich makes the study of light scattering

spectra attractive in their paramount importance in determining mine distri-

buttion curves. Zxtecsive scrutiny of the scattering effects most suited for a

determination of sin distribution curves led to the selection of the spectra of

the scattering ratio at 9 0 an the pt'imar criterin 3 7 and of the trabidity

spectra, as an auxiUary cltros Figure 8 shovs the theoretical effect

of Increasing heterodispersion upon the amplitude in the oscillation of the

scattering ratio using a particular ty~po of distriLbution curve picked for the
57'

study of emulions ,(The Basic effect of heterodisperuion, illustrated in

Fig. 8, Is, of course, Independent of the type of distribution asmed,) Figure

9, finally show the remarkably high resolvine power of scattering spectra In

determiise distribution curves. This figure-4 gives the size distributioan

curve of a latex generally referred to as '3 ucmodisperse"a

Wile the study of turbi~dity and scatterine spectra possesses, therefore,

mnW advantages over the study of these phenomena in monochromatic Light, there

are, of course, sevoral disadvantages. One is the fact that the exerimentul

setup is more complicated except for the very simple method of HDY1S observation.

Another, far more serious disadvantage, is the importance of dispersion corrections

which have been neglected byv various authors but can be neglected only if (a)

rigorously accurate sines or sine distributions are not aid at or if (b) the

dispersion of the scattering material and of the dispersing medium or solvent

are nearly thew sam.

* *iubtedly the angular variation of scattering also am provide a,
powerful tool. In order to make if siliale ngular scattering functions
are now being extended to Ce' -value.a > 7.0 (see ref. 18).



TABLZ I

LMT OF VALIDITr OF TIM RA=IIH QUAf M

The O -vabme given are the uppe Uid.~v, at the rempeotive
a, beyond whioh the Eay-eigh syoific turbidity equation (13)
givius Z -vulue in error by awe thm 2%*.

m a

1.05 0,23

1.10 0.25

1.15 028

1,20 O.3

1.2 0.35

1.30 0.42

This Table is reproduced from the table givn in Rat, 6.

26



TAM 71

ADVANTAMS (4) AND DISDVANTAME (-) CF VARIOUJS
LD3HT SCATTERMtG MITHUDB

1 2 3 4i 5 6- 8

1o Tridt + - - + + + > 03
< 50

2. Scattering at/ 90 .. . . - + O + Na

3, State of Folarimation at 9& + - + + + + + > 2.0

4, Dissymmetry 4. - + + + >o4

. ciward Scattw-ni (j -m180o) - + + N R l

6, Angular Scanmin + + + - > o5

7. Spetra of 1, 2, 3$ 6 + A - - - +

Gode

i: Particle size derivesA is absolute (+)j requires use of instr mwet~~constant ()

2: Particle size derived is single valued (+); wultivalued (-).

3: Solid angle of scattered beam affectE result ver little (+) very
Ich (-).

4: Eaot knowledge of concentration is not important (+); vry important (-).

5: hMtrapolation of effect to sera concsntration is easy (straight
limiting slope) (4-); difficult (cm-me) (-).

6s Emscim of eMw-U mt reqWuxes little time (+); nuoh time -).

7: Prec±,ion of data high (+); low C-).

8: M -Rwge accessible for quantLtatlve work if u 1.20 (both lower
and and upper lit.i decrease vith increasing a).

NRI No Restriction

D :epaxle ona c).:-values %wbsr + or

2?



TAMI III

O(4PUARIS,, PARTICLE DIAMNKR NIal
SCTrJMlN0 ATIO AND ALZTRQ4 MIMSCOPr

(po*vvrnylto~n=@) (a m1.188)

Noe m Xk evai

o42 004 163 163

23 0.17 307 315 -2.5

203 - 381 -

.3B 0.37 41.7 421e -1.0

43B 04.21 431 W1 -3.1

44A 0.092 507 142 3.0

430 0.10 528 -2.7

430 0.21 54 558 -o.7

,30 0.3 685 69* .290

44B 0.26 - 0.30 562 -569 SW -3.1-4 .3

4W - - o-

We 0.18 772 78O* -1.0

44C o.29 812 824 -1.5

'IVoalio " Particale Wintrs

**t.,ap3AltLoM to 0- Mf,,f

28



L~MMM TO riaup

An i Error Contour Cbairt

Contour lines indicate 5% deviation of (AT /c) -values
relative to value derived from Mie-theory.

am 2 Scattering Coefficient for m - 1.20

3 Variation of T'ic or Spheres with C9

Vacumwave length A =54&60 .73 A; mdium: water at
25.000 C; concentratoB c in g/100 g.

Finge 4 Variation of Specific 900 Scattering of Spheres with a and m

Total scattering from an unpolarizea incident beam,
5460.73 A; medium: ater at 25.000 C.

Flae 5 ScatterinM in the hackward Direction ( O 00)

wAne 6 Lateral Maxim and Minim at Various Wave lengths and Ratio of
Blue/Yellow ntensities

Numbers on fully drawn curves indicate factor by which scattered
intensities relative to intensity of incident were multiplied in
order to obtain normalized intensity (1.0) at minimim. Dashed
Curve: Mue/Yellow intensity ratio (right ordinate).

Figur Theoretical Variation of Maxim and Minima of Scattering hatio
(RU22qrization w th Increase in Width of the Size Distribution
Curve as Ebpressed by Increasing qR - Values

Increase in QR means an increase in the width of the distribution
curve. (For further explanations, see Stevenson, Heller and Wallach
(Bef. 5T)

Figu, Size Distribution of a Monodisperso oyvinyltoluene latex as
Determined by LIght Scattering and by Electromztcrosco

The quantity C is proportional to the number of particles of a
given radius r.



A ~12. -T

11. ED Rayleigh-GansDebye

10. ~Holler

SRayleigh
9.0-

~Stevenson

IF1G. 1
7.0

1.0 1.05 1.10 1.5 1.0 1.2i5 1.0 1.35
m



CDC



I.P4

0 00

CC



0-0

0O

co0



2. PARAMETE R: m

2.

2. FIG.

1. 1.20

if HIH 1.2

1.15

0.8

0.6-

0.4-11

0.2

a in 0n .1.



A-

5

4

FIG. 4

2 4c

12l 14i 8 2 2 24 26



0.07-

0.5-

~0.04-

7-

.6

* 0.02-

5-

101-
4-

M 1.20
2-

FIG. 5

1 1



E E
ECo

C9 0

to to
00 vC

o oce

0
U (

0-0

LCCo

W. 0

%0IIWJk AOI'



*1.40- FIG. 7

0.8

1.20-

1.0

1.00-

1.2

II,
* Ii.1.4

1.6

0.60

0.40- Parameter: q.; m:-1.20

4500 5000 5500 6000 6500



C*

F- 0

LU U
jI1W

Me0

I.- I-
II4

C
R

42 a ca
In No c m
wm %Mf I



1. Lord Brqleigh, Phil. Ha.. U0 375 (1899); 6-. 28 (1897); 12 .(l8i); .111
107, 27, 447 (1871).

2. For quite ooprehowidve review of this earlier period sees a) R. 0Sa, in
Handbuch der Pberiiuntl F 1k Vol, IQ; Akadamsc'. Verlagosgellsobaft
r U(1 ).P P, b)T . .&rin iHad- ,.d Jahrbuoh der Chod.ahen
Pb~l Vol. 8. Part 2, p. 11 Akadomdieohe Ve rp M zg7 =

3. See for instano.: P. Debye, various reports to the Office of Rubber Rsrve,
193 - 19I46, issued frouk Cornell University; W. Heller, various reports to the
Office of Rubber Reverve, 1943 - 1916,0 issued from University of Chicago;
V. K. laMer, various reports to 0()SD since 1943, issued from Columbia University.

5. Pa Debe, J. Applied Physics, 15, 338 (3944).

6. We usler, Roe. Chem. Progress, 20, 209 (1959).

7. A. F. Stevenson. J. Applied Physics, 31, X1 (1953).

8. Lord RWJsigh, Proeg Roy. Soo. (Zando.), 0 4 25 (1911); A 0 21.9 (1914).

9. .LGs, Am. Psikl6 9(19w),

10. See P. Debys and Manke, Fortechr. Iloentgenfrach., j, 1 (1931). The theory
* developed in this paper applies to X-ray, but it is essentiaflV the same as

that suggested by Deby for light scatteringo No detailed pmblication by
Debye is available on this aspect.

3.. B. H. Z4im, 1. Chem. Pbys., , 1093 (1948).

22. These ltnitatons in Ot and a wore anflyzed in this laboratory by M. Nakepki
and winl be the subject of a fortbooming publication.

13. w. 3eer, j. chm. Piv,,., 26. 325 (197)0

214. A more detailed wana1siz of contoux, oharts for these theories, using also
Mg ular scattering data, *IlU be giva in a separate publication in the nea
future.

g..& X, 'NAkagek and W. Heller, J. Applied ?P1-nsices g?7, 975 (1M5); W. Holler
wAd T. L. Pugh, J. Collard Sci. s 12, 2 94 (195?7jTB. K. £±im and W. B. Dandliker,
o..ps. Chem., , 64 (1954)o

IS& H. Blusm, Zeiteobre f Plwsii, 1.2. 319 (1L925)- 38 3014, 920 (1926)1 Z 195
(1926). See also the hat of other early comp"Alos on pags 167 add 168
of Reference 24,,

16. A. .L loans Tables of Scatterin Fnotions for P i NatL
&urean Of Sftezwa fl91

30



31

*17. R. 0. Gumprcht and 0. M~. Sliqpcevich, AIM §Ete iftm f or ca
Particle Enzinsering Resoa.ch Inetitute ,lvervitV of Hic1dgIni AM Arbr,

18. W.J. Paugonis, W. Heller and A. Jacobson, Tables of Ligh Functions
r cal Par les Wn State UniversilV Prest, I7. 7.

and He'ler 4wka Partiales
oit~j uctosfor S pJ

ibid#. 1960* H. DOMM , H32 ndW0 ] ano1.s B M S
V tioas for c~~ialPriles 11 (O . 02 501J~e 93

19. R. Peadorf , Now Tables of Hl.. Scattering Functions; GeopWnula Research
Directorate, Air Force Cmbridge Research Center, Parts 1., 2, 3, I, 5, 6;
1958 - 1959 (a - 1.33, 1.40, 1.44, 1,li6v and lo6O).

20. M. Kerbker and associates, J. of Meteroloor 8 424 (1951); Jo Opt. Soc. Am.,
4~9 (1953) (m - 2); ibid., IL5 1080s ao191lZ5); ibd. Z 87 (1961.);

Pbys. Chm., § , 17l"t61( 1.60)j J/ Opt. SoEE, Amos go 55 (3962).

21. Fred G Creamey, "valuatiou of Mie Equation for Colored Sphereas," (Dooainsnt
6247) Washingt n, D. C., U. S. L:brary of Congress.

22. Various oral reports collected during the IC S meeting. The reader Interested.
in a fuller account of the tabulations of His functions available vill find a
co22reave list n , to and including 1956 on pages 167-- 171 of the book

22.dgihsF. n .do8y.§1 0 (1M2).
234, R. W. Hart and S. W. Mantroll, J. Appl. Phy.s 22 376, 1278 (1951).

24 1. C. van do Holst, The a of 6 Dower and Sons.,
Aitsterd=i 194&6. ae S 80'!ZmalJokin Wiley and Sams
Ne York 1957.

250 W. Hallwer, J. Chea. PIWs.., 2.6. 92, 1258 (3.9V7)

26. W. Heller, in $Particle Size ,nalyil i ior.
Temologyr; U. S. Atomic Energy CuinssioApril, 195 pp.3 - 10-
3la-E e ore restricted equat± 0o, sea also W. Heller, J. Chem. Phys., 32

27. R . Pe dorf, ibid., pp 18 - 37; see also J. Pbys. Chem., 62 3,537 (X98). 1
28. M. Nakagaki and W. Heller, J. Chem. fhy., 3,2* 835 (1960).
29, Max Barn and E. Wolf'. Principles of opie Pergomon Press, London 1959..

J. A. Stratton. Electt~ ry, awr Hil Book Co, Now lark 1941,

30. F. To Quaker and R. L. o e,., Dis, Faradaq Soc.,, 1M pp 3.85 - 191.



32. For fuller ditails, see for instance: K. A. Stacey, k S9&t&i in

EMM&O qg~; Academic Pr=, Now lark 1956.

33. W. Haler aud H. Jams NoCartV, J, Chouw Pbs., 32, 78 (158).

31,. W. Huller and R. Tabibian, J. Col. Sol., 1__, 25 (1957).

35. W. Uuwr R. TWAbian and J. N..4pe1, J. Con. So., go 195 (956).

36. W. W and H. B. Ieiemos, PI . Rev., Z_, 61 (194J5).

37. V. K. Ld er and D. Sinclair, Oha.. R eimevsg, 2 , 5 (1949)j 14. D. Barnes, A. S.
Karms, S. 14. Zaloer and V. 1. Le)!ei' J. Coll. Sci.2 , 2j34~9 (194&7); V. K. La&W
and H. D. Barnes J. Coll. Soi., I 71 (I946)1 I. Johmcn and V. X. IA16er,
J.A.C.S., (W947); 1. K0rarw and V. K. LaMer, J.A.C.S., .2 3516 (1950).

38. P. Dotr and t. F. Stainer, J. Chem. phys., a&1616 (19i50) S. B. maron and
ft. Lou$ J. Polymer Sai., 340 29 (19LOS.

39. VW. J. Psngonie, W. eller ad No A. Eomouou, j. Cmh. P h ., & 960 (1961).

4o. R. H. Tabibian and W. Holler, J. Col. sci.., 13, 1 (1958).

41.. J. P. K-atohv±1, G. J. Dese3.io H. Kerker and E. Matijevica J. Polymr Sot.,
f 59 (1962).

42. X4. Barker, J. Coll. SciL.., 3, 65 (1950)1 14. IKerker and K. Hampton# J. opt.
Soc. A0, ! 370 (1953); Kerkor aid R. Matijovics ibid., Z 722 (IM).

43. W. eller and K. akagaki, J. Chm. P ., , 188 (L59).

44. W. Heller and W. J. Pangonis and V. A. oonasou, J. Chem. Pp., M 7 (1961).

45. W. Heller and R. X4. bian, J. PI~'s. Ohm.6., 66 2059 (1962)c

46, W. Hl.er and X. Nakpgaki, J. Chen. Phy.. LO 783 (1959).

47. No NAgaki and W. Heller, .ftjli zy Announcement in Xllo hA. PAm* s Soc.,
S28 (VW6).

4~8. W. Smiler, 14 Nakagaki. and X4. L. 'WalJ~Ach. J. Chem. P1ss, . 1.44 (1959).

49. W. B. Dandliker, J.A.O.S,., 2, J31 (1950).

50. ,jur-o Deselic and JoI p P. Kratohvil, J. Coil. s.., 1, .561 (1961).

$1. Unubliohed da4 by HR. iDoppkos.

52. Ruults by L. L. Wallach to be published soon.

53. W. H6llua, H. h. 3atnagar and N. Nakagakic J. oh... pbp.., 26 1163 (1962)1
WV Holler and S. VaeeV, Phys. Rv.., ,65 (1"1.); J. Chm. 7 1 w. 0
(194.6) V . Hmler and II. 3. lKiow no Openhimr, J. Oban. J'y., $5



33

5. J. B. Bateman, F. , Weneck and D. G. sher, J. Coll, Sc1i,, .j, 308 (1959)0

5. B. R~ia, Proc. Idman Assoc. Cult. Sci, 7, 1 (1921).

56. V. K.Lakarand IW. Plesner, J. PolIpwSci., 24147 (199?).

57, A. P. Stevenson, W. Haller and M. L. Wallach, J. Chem. Py.., 3, 1789 (M96)I
see also H. Kwker and V. Ko LaMer in Ref. 38.

58. W. L. W&alh, W. Holler and A. F. Stoevwaon, J. chou et .., 1796 (19a).

I



TECENICAL REPORT DISTRIBUTIC LIST

Wayne State University

Contract No 3%(oo) NR O51-380

No. Copies No. Copies

Commanding Officer Air Force
Office of Naval Research Branch Office Office of Scientific Research (SRC.E)
The John Crerar Library Building Washington 25, D. C. (1)
86 East Randolph Street
Chicago 1, Illinois (1) Commanding Officer

Diamond Ordnance Fuse Laboratories
Commanding Officer Washington 25, D. C,
Office of Naval Research Branch Office Attnt Technical Information Office
346 BroadWay Branch 012 (1)
New York 13, N ew York (1)

Office, Chief of Research & Development
Commanding Officer Departaent of the Ani
Office of Naval Research Branch Office Washington 25, D. C.
1030 East Green Street Attnt Physical Sciences Division. (1)
Pasadena I., California (1)

Chief, Bureau of Ships
Commanding Officer Department of the Navy
Office of Naval Research Branch Office Washinfton 25, D. C.
Box 39 Navy #100 Fleet Post Office Attn: Code 342a (2)
New York, New York (7)

Chief, Bureau of Naval Weapons
Director, Naval Research Laboratory Department of the Navy
Washington 25, D.C. Washington 25, D. C.
Attn Technical Information Officer (6) Attn: Tucical Library (3)

Chemistry Division (2) Code RRMA-3 (1)

Chief of Naval Research ASTIA
Department of the Navy Document Service Center
Washington 25, D. C. Arlington Hall Station
Attn* Cole 425 (2) Arlington 12, Virginia (20)

DDR& Director of Research
Technical Library U.S. Army Signal Research & Development
Room 3C-128, The Pentagon Laboratory
Washington 25, D, C. (1) Fort Movmuth, New Jersey (1)

Technical Director Naval Radiological Defense Laboratory
Research & Engineering Division San Francisco 24, California
Office of the Quartermaster General. Attn: Technical Library (1)
Departnawt of the Ar(n
Washington 25, D.C, (I) Naval ordnoe Test Station

China Lake, California
Research Director Attn: Head, Chemistry Division (1
Clothing & Organic Materials Division Code 40
quartermaster Research & Engineering Ccund Code 50
U. S. Arm
Natick, Massachusetts (1)

B-1970



TECHNICAL REPORT DISTRIBUTION LIST Page 2

Contract No 3511.(00) Wayne State University NR NO. 051-80

No. Copies Noe Copies
Commnding Officer Aeronautical Systems Division
Army Research Office ASRCNP
Box CH, Duke Station Wright-Patterson Air Force Base
Durham, North Carolina Ohio (1)
Attn: Scientific Synthesis Office (1)

Office of Chief of EngineersB rookhaven National Laboratory Research snd Development Division
Cha.istry Department Department of the Army
Upton, New York (1) Gravelly Point

Atomic Energy Commision Washington 25, D, Ce
Division of Research Engineer Research and Development
Chemistry Programs Laboratory
Washington 25, D. C. (1) Fort Belvoir, Virginia

Attn: Materials Branoh, Mr. Mitton (1)Atomic Energy Commission
Division of Technical Information Extension
Post Office Box 62 Comander
Oak Ridge, Tennessee (1) Mare Island Naval Shipyard

Rubber Laboratory
U.S. Army Chemical Research and Vallejo, California (i)
Development Laboratories
Technical Library Dr. J, H. Faull, Jr.
Army Chemical Center, Maryland (1) 72 Fresh Pond Lane

Office of Technical Services Cambridge 38, Massachusetts (1)
Department of Caumerce Dr. R. S. Stein
Washington 25, D, C. (1) Department of Chemistry

University of Massachusetts
Dr. Albert Lightbody Amherst Massachusetts
Naval Ordnance Laboratory
White Oak, Silver Spring, Md. (1) Dr. L. F. Rabm

Plastics Laboratory
Dr. W. H. Avery Princeton University
Applied Physics Laboratory Princeton, New Jersey (1)
The Johns Hopkins University
8621 Georgia Avenue Dr. A. V. Tobolsky
Silver Spring, Md, (1) Department of Chemistry

Princeton UniversityNational Bureau of Standards Princeton, New Jersey (1)
Washington 25, D. C.
Attn: Chief, Organic and Fibrous Dr. U. P. Strauss

Materials Division (1) Department of Chemistry
Rutgers - The State University

Chief, Bureau of Y,,rds and Docks New Brunswick, New Jersey (1)
Department of the Navy
Washington 25, D. C. Dr. Charles P. Roe
Attn: Code P300 (1) Research and Development Department

U. S. Rubber Company
Passaic, Now Jersey (1)



TECHNICAL REPORT DISTRIBUTICK LIST Page 3,

Contract Nonr 3511MOO Wayne State, University NR NO. q5L-38O

No. Copies No. Gopiem

(33 Resident Representative Dr. T. Le Heying
University of Michigan Organics Division
Ann Arbor, Michigan (1) Olin Mathieson Chemical Corporation

275 Winchester Avenue
National Bureau of Standards New Haven, Connecticut (1)
Washington 25, D. C.
Attn: Dr. Victor R. Deitz (1) Monsanto Research Corporation

Everett Station
Comanding Officer Boston 49t Masaohusetts
Naval Air Development Center Attn, Mr. K. Warren Easley (1)
Jobneville, Pennsylvania
Attn, Dr. Howard R. More (1) Dr. B. Wunderlich

Department of Chemistry
Plastics Technical Evaluation Center Cornell University
Pictinny Arsenal Ithao&, Now York (I)
Dover, New Jersey (1)

Dr. G. Barth-Wehrenalp, Director
Inorganic Research Department
Pennealt Chemicals Corporation
Bx 4388
Philadelphia 18, Pennsylvania (2)

3 Mr. James P. Lodge, Chief
Air Pollution Chemical Research
Department of Health, Educ. and Welfare
4676 Colmbia Parkway
Cincinnati 26, Ohio (I)

Dr. T. G. Fox, Director of Research
Mellon Institute
4400 Fifth Avenue
Pitt burgh 13, Pennsylvania (1)

NASA
1512 H Street, N. W.
Washington 25, D. C.

Dr. M. S. Cohen, Chief
Propellants Synthesis Section
Reaction Motors Division
Denville, New Jersey (1)

Dr. D. A. Brown
Department of Chemistry
University College
Upper Merrion Street

, Dublin, Ireand (1)


